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SUMMARY 

The magnetohydrodynamic absorpt ion of inner g r a v i t a t i o n a l  waves 
is inves t iga ted  under conditions of t he  F-layer of the  ionosphere, The cal- 
cula t ions ,  conducted i n  t h e i r  appl ica t ion  t o  s h i f t h g  ionosThere d is turb-  
ances) show t h a t  t h i s  absorption i s  s u b s t a n t i a l ,  i n  p a r t i c u l a r  during t h e  
daytime hours i n  the  a l t i t u d e s  near 300 km. 

8 * *  

!.Jk.,zn i nves t iga t ing  large-scale i r r e g u l a r i t i e s  of the  e l ec t ron  

concentration i n  the  F-layer, e f f e c t s  re la ted t o  the so-called s h i f t i n g  

di turbances were already revealed as far back as i n  1948 - 1949. Character- 

i s t i c  f o r  these disturbances are t he  displacements in t he  ho r i eon ta l  d i -  

r e c t i o n  with v e l o c i t i e s  -150-200 m/sec t o  dis tances  

ki lometers .  It i s  n a t u r a l  t o  r e l a t e  these  displacenents with the  propaga- 
t i o n  in the  ionosphere of a s p e c i f i c  type of waves. We s h a l l  assume f o r  
such a type of waves the inner  g rav i t a t iona l  waves. This viewpoint was 

enressed at first by Martin 111 and i t  was afterward developed a t  fu r the r  

l eng th  by Hines k 3 .  
basic obserwkion da ta  on shif t h g  disturbances [2 - 41. 

of seve ra l  thousand 

The 1:iartin-IIines theory i s  good a'greement with the 

The propagation conditions i n  the ionosphere of inner  waves were 

analyzed i n  d e t a i l  i n  the  work6 [I-21. At the  same time, the analysis 
of quest ions l inked  with the a'osorption of these waves cannot be considered 

as exfiausted. Conducted were only the  e s t i n a t e s  of absorption on account 
of v i s c o s i t y  [2, 5,633 The viscous d i s s ipa t ion  limits the p o s s i b i l i t y  of 



2. 

propagation of i r r e g u l a r i t i e s  with comparatively s m a l l  wavelength, from 

-30 t o  90 km c2, 61. For a more widespread type of disturbances with - ZOO- 500 km c23 the  influence of v i s c o s i t y  (heat  conduct ivi ty)  at 
heights  below the F-layer maximum i s  of l i t t l e  effect iveness .  Here the  
d i s s ipa t ion  mechanism, l inked with the  induct ion decelerat ion a t  motion 

of a conducting medium across the magnetic f i e l d ,  becomes s ign i f i can t .  

We s h a l l  c a l l  t h i s  absorption mechanism the magnetohydrodynamic absorption. 

The computations of such a type of absorption were conducted more than 

once f o r  problems of dynamics of a conducting f l u i d  C7, 81. In its appli-  

ca t ion  t o  the ionosphere, the absorption of purely acoust ic  waves w a s  de- 

termined in Cg]. Bowever, because of f a i l u r e  t o  account for the  force  of 
g rav i t a t ion  in the  l a t t e r ,  we can not  m a k e  use of its conclusions. 

Our fundamental. problem cons i s t s  i n  the determination of the  value 

of the magnetohydrodynamic absorption of inner  waves in the  ionosphere, 
applying i t  t o  the problem of s h i f t i n g  disturbances. In its general  context 

such a computation f o r  an incompletelyionized gas of the ionosphere type 
would be beset  with great d i f f i c u l t i e s .  However, bearing in mind tha t ,  a6 

a r u l e ,  s h i f t i n g  disturbances are r eg i s t e red  i n  t h e  E-layer, t he  whole 

consideration may be considerably simplified.  

We s h a l l  present  in #I. the bas ic  equations and the  ca l cu la t ion  of 
the magnetohydrodynamic absorption of inner  waves i n  the F-layer. The appl i -  

ca t ion  of the r e s u l t s  obtained t o  s h i f t i n g  dis turbances w i l l  be given i n  
#2. Calculat ions show t h a t  for  the l a t t e r  the absorption is e s s e n t i a l  and 
its p r e s e x s  must be taken i n t o  account. 

#1. - Inner Gravi ta t ional  Waves in t he  F-layer. '&en inves t iga t ing  
the  propagation and absorption of inner  waves of s m a l l  amplitude, i t  is 

necessary t o  start from the following system of l i nea r i zed  equations: 

aU 
at 

v p' + p'g + 1 [i x Hal, Po-=- 

(1.4) 



where E i s  the  s t r eng th  of t he  e l e c t r i c  f i e l d ;  Eo is t he  i n t e n s i t y  of 
the  permanent E a r t h ' s  magnetic f i e ld ;  u is  the  gas flow veloc i ty ;  p* and p* 
are the  perturbed values of densi ty  and pressure,  c o n s t i t u t i n g  small  def lec t -  

ions from the equilibrium values 9, and &; C# = y~(po/po)  is the  speed of 
sound (yo is the  heat  capaci ty  r a t i o  at constant  pressure and volume); 
the  cu r ren t  density;  I? is  the  concentration of e lec t rons ;  - e and are res- 

pec t ive ly  t h e  charge and the  m a s s  of the e lec t ron;  Ox is t he  gyrofrequency 
of e lectrons.  The equations (1.1) and 1.3) a re  the evident c o r o l l a r i e s  of 
the  w e l l  known equations of magnetohydrodynamics. The equation (1.2) is w r i t -  
t e n  i n  the assumption of approximate a d i a b a t i c i t y  of t he  wave propagation 
process. Obviously, t h i s  msurription does not cont rad ic t  the p o s s i b i l i t y  of 
wave absorption searching. The co r re l a t ion  (1.4) represents  the  generalfeed 

Ohm l a w  and is wri t ten  i n  the form adopted i n  t h e  work C101,where formulas 

f o r  t he  conduct iv i t ies  C , ~ I  are brought out ( see  below). 

j is - 

We neglected i n  the equations (1.11- (1.3) the  v i scos i ty  and we  d i d  

not  take i n t o  account the influence of hea t  conduct.ivity; ne i the r  w a s  the  

presence of ionospheric wind taken i n t o  account ( t h e  ve loc i ty  P responds 
only t o  motions in the inner  wave). The pressure po s a t i s f i e s  the hydrosta- 

t i c  equi l ibr ium equation Vpo = pg. 

Let us introduce t h e  Descartes system of coordinates,  d i r e c t i n g  the  

axis g v e r t i c a l l y  upward. Then g =  - gso, where m0 is  the uni ta ry  vec tor  
i n  the  d i r ec t ion  of the axis 2.  The d i r ec t ion  of the magnetic f i e l d  w i l l  be 

charac te r ized  by the un i t a ry  vector r= l lo /Ho  with pro jec t ions  on the  axes 
xt g ,  e, respec t ive ly  ecual  t o  cos Q? cos Pt cos )). 
c i t y  u will be denoted by ur, uu,uz. 

Estimating t h a t  the  density and pressure po are  d i s t r ibu ted  according 

The pro jec t ions  of the velo- 

to th? l a w  

po=pooexp(--z/H),po=p,exp ( - z / H ) ,  (1.5) 

where €I is the height of the uniform atnosphere; not ing that Coz = yogH), we 

may write the  equation (1.1) i n  the following form: 

8 U  i a  - = Coz grad div u - gVu, + zog (1 - y0)div u + - - [j XHo]. (1.6) 
at2 CPO at 



4G rotrotE= -- - 
e2 at 

and t ak ing  i n t o  account (1.81, we have 

4. 

When excluding the  var iab les  p1 and 1' we u t i l i z e d  the  equations 

(1.2) and (1.3) and the  cor re la t ions  3p0/dz  = - -po/H; a p 0 / a z  = - p o / H  (see (1.5)). 
From the  charac te r  of the writing of the  last t e r m  i n  (1.6) it is 

clear t h a t  t he  presence of currentls 3 densi ty  component, t ransverse  

t o  the  n a m e t i c  f i e l d  
count tho . t a l i d i t y  at the  F-layer height  of t h e  inequa l i ty  

A 
i s  material .Subsequently,  we s h a l l  take in to  ac- 

vim 6211, (1.7) 
where V i m  is the  c o l l i s i o n  frequency of ions with molecules; QHis the  gyro- 

frequency of ions, Then we s h a l l  have approximately from (1.4) 

1 
(1.8) h. = UJ. (E 4- - [u X Ho] ) . 

C 

The first addend i n  the left-hand pa r t  of (1.4) may be r e j e c t e d  by 
t h e  s t r eng th  af ( l e ? ) .  For the s m e  reason we nay sabst i tnte  6 by 6'IC the  

second addend of (1.4). The t h i r d  addend in 
For the  t ransverse  conductivity bi. and at l imiting (1.7) we approximately 
have 

does not  cont r ibu te  anything. 

01 = eZNvim / M Q 2 ,  (1.9) 

where M is the  mass of the ion and I? is the concentration of e lectrons.  

S t i l l  another s impl i f ica t ion  is possible  f o r  large-scale  disturbances,  
which is l inked  with t h e  inequal i ty  

E+: [uXHO]. 

I n  t h i s  case1 from the  equation f o r  t he  e l e c t r i c  f i e l d  

where L and T are the c h a r a c t e r i s t i c  dimension and the tine of t h e  problem; 

number Re1 = LV/~L, where V = L/ T 
6 1  = C2/4nu~ is  the t ransverse magnetic v i scos i ty .  Introducing the  Reynolds 

is the  veloci ty ,  we s h a l l  ob ta in  t h e  



5. 

e6 timate 

' Hence we may neglect  the f i e l d  E i n  (1.8) provided R e l e i .  Note 
t h a t  an analogous c r i t e r i o n  i n  the magnetohydrodynamic of i s t o t r o p i c  media 

is w e l l  known C81. In  t h i s  case the accounting of conduct ivi ty  anisotropy 
l e a b  t o  the  s u b s t i t u t i o n  of the isotropic magnetic v i s c o s i t y  f a c t o r  b by 6, 
L e t  es t imate  the vajue of Re I. For the  propagation ve loc i ty  of dis turbances 
we have V W 2 10 c:m/sec, and the scale L may be estimated t o  have a sagni- 
tude of the  order  200- 500k-m. The value of the magnetic v i s c o s i t y  near t he  

F-layer maximum is SA-/ 3 
is b a s i s  t o  estimate t h a t  Re I < 1. Neglecting t h e  f i e l d  E i n  (1.8), we 
shall f i n a l l y  have upon subs t i t u t ion  i n t o  (1.6) 

I 
I 

I 

I 

4 

hence Re,-f(l - 3) lom2. Therefore, there  

I 

-=Cozgraddivu-gVuz+ ( i - y ~ ) ~ d i v u + - -  UL a uu x HolxHol. a2U 
(1.10) 

at2 Po@ at 

The dependence of the  conductivity gL (1.9) on height is b a s i c a l l y  

conditioned by the  f a c t  t h a t  Vim - PO. Then, evident ly ,  t he  coe f f i c i en t  in 
last addend of (1.10) a t  dis tances  of the  order of the height  of uniform 
ataosphere H does not subs t an t i a l ly  vary and i t  w i l l  be considered as inde- 

pendent from t (and a l s o  from x and y). T h i s  remark r e f e r s  a l s o  t o  t he  quan- 

t i t y  Co Assuming t h a t  a l l  t h e  coe f f i c i en t s  i n  (1.10) depend l i t t l e  on time, 
w e  may seek t h e  so lu t ion  i n  the  form 

2 

O = ~ e x p  lkut-iKr). 

I 
A s  a r e s u l t  we arrive at the follow in^ v e c t o r i a l  cor re la t ion :  

auZu - [Co*K 3- i ( 1 -  yo)gzo] (K-u) + iKgu, + i&[ [u X T]XT] = 0, (1.ii) 
where 

Here VA is t he  Alfv4n veloci ty;  Mm is the  aCass of the  molecule; 

Nm is the  concentration of molecules. The las t  equa l i ty  i n  (1.12) is wri t t en  

af ter  tak ing  i n t o  account (1.9). In s p i t e  of the  sinlple character  of the 
equat ion (1.11). its so lu t ion  at a h 0 i n v o l v e s  r a t h e r  complex operations. 

I 



The case of s t rong  magnetohydrodynamic absorption, as c l e a r l y  unrealistic 
i n  the ionosphere, w i l l  not f u r t h e r  arouse our i n t e r e s t .  But at w e a k  abaorp- 

t i o n  we may obtain comparatively simple corre la t ions ,  

Assume i n  t he  f i r s t ' a p p r o x b a t i o n  t h a t  

the w e l l  known dispersion equation fo r  inner  waves 
a I 0. W e  then a r r i v e  at  

Subsequently, we shall have for the  ratio %/u, 

u, G2K& - iK,g 
-= (1.14) 4 a2- Co2K12 ' 

As in the work [2], when i n t e r p r e t i n g  the  events l inked  with s h i f t -  

i n g  disturbances,  w e  shall consider, i n  the f i r s t  approximation, the quan- 
t i t y  
t h a t  the  propagation d i r e c t i o n  in t h e  hor izonta l  plane is parallel t o  t h e  

axis z, It is easy t o  e s t a b l i s h  from (1.13) t h a t  for real Kx, w i l l  be 
complex. A t  the same time 

t o  be real  (% = &) . Without limiting the gene ra l i t y  we may assume 

(1.15) 

For real s a n d  kz we s h a l l  obtain fron (l,l3), (1.15) 

It is c l e a r  from (1,15), ( ~ 1 6 )  t h a t  t he  wave vector  has a v e r t i c a l  

ae w e l l  as a hor izonta l  component, 
Subsequently: the amplitarlc oalrles gf metinn tfelncity in t h e  vzye 

r i s e  i n  t he  v e r t i c a l  d i r ec t ion  according t o  the law exp ( % /  2H). We now 
shal l  f i n d  the  value of a5sorption. A t  a # 0 we pos tu la te  t h a t  

an6 = %+ i / 2 H  - iq, , where l%l<kx a n C  IQzI<(kZ+ i/2Rf; i t  is shown 
below t h a t  t he  q u a n t i t i e s  qx a n d  q, are conplex. The absorption w i l l  be 
determined by the f a c t o r  exp {-=Re (qs + 4,~)) . Originat ing from ( 1 , l l )  

we s h a l l  ob ta in  the system of equations for q,and qz : 

= k, - iq, 



. 

7. 

[C8(2kx& + kzuz) - i d 1  - vo/2)uzlq,+ C02lcxu:q, = 

[CO2klt, + 4? (i - yo / 2) UZI q x  + coz(2k2Uz + ku,) 4 2  = 

= a[sin2 a ur - cos a cos y ur ] ,  (1.17) 

- 
= arsin2 y u, - COS a cos y 4. 

The values  of the ve loc i ty  coaponents ux and uz i n  (1.17) are 

r e l a t e d  t o  the case when the  dissipation is a3sent (a = 0). Rezolving the  

system (1.17) and u t i l i z i n g  (1.14), we obta in  

q x = d I C ,  q t = n B / C ,  
A = Co2/ix[--sin2 y + d cos a cos y] + Co2/2k, + dk,] x 

X [ d s i n 2 a - c o s a c o s y J ,  
B = [Co2(kz + 2&) - ig (  I - yo 12)  ] [sin2 y - d cos a cos y] - 

- d[Co2k2 + ig(1- YO/ 2 )  ] [ d  sin2 u - cos a cos y], (1.18) 

C = (k + &) [ 2C02 (kz + dkx) - ig (2 - yo) 1, 
d = [Co2kxkz - igkx (1 - yo / 2 )  J [02 - CoZk~']-'. 

$2. - wAetohydrodynamic Abszrption of S h i f t i n g  Disturbances. 

Llthough the cor re la t ions  (1.18) a c t u a l l y  were obtained under cer- 
t a i n  s i n p l i f y i n g  assumptions, they still  a r e  rather d i f f i c u l t  t o  read. 

However, i f  we m a k e  use of  t he  wel l  known f a c t s  concerning the  s h i f t i n g  

dis turbances,  s i g n i f i c a n t  s i n p l i f i c a t i o n s  a r e  possible. Thus, we may use 
the l i m i t a t i o n  

b = (0' I k,2Ca2 I, (2.1) 

which implies t h a t  t%:e dis?lacezent v e l o c i t i e s  i n  the ho r i zon ta l  d i r ec t ion  
are sul-~ctm';iLJly smaller t h a n  the speed of sound. Conducting t h e  expansion 
5:: snal l  parameter powers Fn (2.11, and zfter f a i r l y  simple, dut at  the same 

t i n e  rather cumbersome t rmsfo rna t ions ,  we shall obtain the  co r re l a t ions  

q+ = akxkz-20-2[ kx2 + kzz - ( k ,  cos y - k, cos a)  2 ]  X 

x [i - iyokzH/ (2 - y o ) ] ,  
Im qz = k,kX-' Im qx. 

(2.2) 
(2.3) 

For R e  qs we obta in  a r e l a t i v e l y  small value R e  9% rJ bRe qx . The 
var la t ions ,  l inked  with Re qc # 0, are of l i t t l e  substance by conparison 

w i t h  t h e  cont r ibu t ion  of t he  factor exp ( z /  a), r e fe r r ed  t o  above. 



When passing fron (1.8) t o  (2.2). (2.31, besides  the  condition (2.1) 

the inequal i ty’  -E 
taken i n t o  account. 

, which is  usually w e l l  s a t i s f i e d ,  has also been 
T A B L E  1 

A6 t o  t he  q u a n t i t i e s  ZmqX and - 

Imq,, t h e i r  re la t ive  contr ibut ion is nore 
s ign i f i can t .  However, t h i s  contr ibut ion 

is  l inked  with the  cor rec t ions  f o r  waves’ 
propagation motion. Within the  framework 

of t h e  method appl ied (and f ac tua l ly )  these cor rec t ions  cannot modify sub- 
s t a n t i a l l y  the  charac te r  of t h e  propagation and they are of l i t t l e  i n t e r e s t  
from the  experimental po in t  of view. 

Sinoe mainly hor izonta l  s h i f t s  of i r r e g u l a r i t i e s  are r eg i s t e red  

during observations,  the  g rea t e s t  i n t e r e s t  is offered  by the  estinates of 
the value of t he  absorption i nd ica to r  Reqx, for which, when taking i n t o  

account (1.12) and (2.21, we s h a l l  f i n a l l y  have 

Note than i n  (2.4) the  m l t i p l i e r  in kracliets is always posi t ive.  

It is something easy t o  a sce r t a in  if we u t i l i z e  the  Cauchy-Bunyalcovskiy 

i n e q u a l i t y  cll]. As was t o  be e-xpected Re %> 0. Let  us estimate in (2.4) 

t h e  value of the mult iol ier  ‘ O = h ’ A d V i m k / N d m ~  which is not dependent 

upon the  o r i en ta t ion  of t he  magnetic f i e l d  Ho.Table 1 gives the  values  of 
Q in cm” f o r  various he ights  - e corresponding t o  the  ionospheric F-lager. 

We have taken for the  phase ve loc i ty  i n  the ho r i zon ta l  d i r ec t ion  V @ = o / k =  

t he  c h a r a c t e r i s t i c  values  V, = 100-200 a/ see. When e f f e c t i n g  the  extinates 

w e  used the values  of the  c o l l i s i o n  frequency 3 h  t y p i c a l  f o r  t he  F-layer 
and for the  concentration of electrons N - the  da t a  for the daytime iono- 
sphere.  In  the  nighttime the  concentration N may decrease by one order  and 

more, which w i l l  l ead  t o  an analogous decrease i n  the value of absorption. 

The mul t ip l i e r  i n  (2.4) standing i n  brackets ,  depends on the  orien- 

t a t i o n  of the  propagation d i rec t ion  r e l a t i v e  t o  the  f i e l d  Eo. Let us compare 

t h e  values of R e %  for t h e  propagation of disturbances along t h e  meridian 

and along pa ra l l e l s .  I n  the  f i r s t  case t h e  d i r ec t ion  of the magnetic m e r i -  
d ian  coincides apgroximately with the axis x and cos f = 0. Then, from (2.4) 



i t  ensues t h a t  

(Re ! ? d M  = (?(sin a + kx cos a / kz)2.  (2.5) 

For the propagation along p a r a l l e l s  cos a= 0, and we shall have 

( R e q z ) n = Q ( i  + k , 2 ~ ~ ' y / k z 2 ) .  (2.6) 

From the  r e s u l t s  obtained in c33, we may der ive  t h e  conclusion, 

t h a t  for disturbances under t h e  condition (2.1) we must have 
f o r  very small a 
( R e  4s) M = Q sin2& Evidently,  (Re __ q = ) M. < . (Re qx)n. 

It is t rue ,  however, that i n  moderate l a t i t u d e s  (Re q x I M /  (ReqxIn -1 
( a t  meridional propagation the angle a coincides with the magnetic inclina- 
t i on ) .  On the  o ther  hand, t he  quant i ty  aL decreases a6 2% approaches the 
eauator ,  and conditions are possible whereby ( R e % ) M /  ( R e q X ) , e  1. Thus, 
a l l  the  propagation d i r ec t ions  of s h i f t i n g  disturbances,  ei ther a t  high or 
middle  l a t i t u d e s ,  are about equal in r i g h t s  i n  regard t o  magnetohydrodynamic 
absorption. Conseauently R e  ( t he  second mul t ip l i e r  i n  (2.2) f o r  not 
too small tx is near the unity) .  

kx<& Then, 

(Re ~ ) x  is of the  order k 2Q /h2, and a t  not too small a x 

Therefore, the absorption must be minimum i n  the N -S di rec t ion .  

14dking use of Tab le  1 we may f i n d  the dis tances  

L =  110, (2.7) 

a t  which the anplituZe of the wave decreases by e times. A t  the  height  
e = 200 km with Vg = 100 and 200 m/sec, we have respec t ive ly  L-800 and 
1500 km, w h i l e  a t  300 k m  LW150- 300 km f o r  the  same values of Vs. The 
absorpt ion is  not iceable  even at s==200 km, without even speaking of grea ter  

hefghts ,  Near the F-layer rnaxinum the  appearance of l a rge  s c a l e  disturbances 

of the ind ica ted  type and with values Va 3: 100 -200 m/sec must, general ly  

speaking, be fairly d i f f i c u l t  on account of high absorption. 

- 

The estimates of abslorption, brought out above, allow the  q u a l i t a t i v e  

a s s e r t i o n  t h a t  t h e  range of propagation of s h i f t i n g  dis turbances does not  

usually exceed 2000 km C23. 
As w a s  shown above, the absorption a t  f ixed  he ights  must be more 

s i g n i f i c a n t  i n  daytime. This circumstance might inf luence the propagation 
range. However, i t  is d i f f i c u l t  a t  present t o  derive speci2i.c conclusions 



in t h i s  regard,  f o r  no measurements of the  range at  various tines of t h e  
day have y e t  been ca r r i ed  out,  a t  l e a s t  t o  the bes t  of our  knowledge. 

Estimates of the values  of Re qx show t h a t  the  rise of absorption is  mainly 
l inked  with the increase of e lec t ron  concentration. Thus, one may expect 

t h a t  t h i s  is p rec i se ly  corroborated by t he  da t a  of the  Table, t h a t  is, 
t h e  greatest absorption corresponds t o  heights  near t he  F-layer ma*imam. 

T h i s  c l a r i f i e s  a lso  the  fact t h a t  most of s h i f t i n g  disturbances,  with 

ranges of s e v e r a l  thousand kilometers a r e  r eg i s t e red  at he ights  below t h a t  

m a x i m u m  ( 5 N 200 - 240km) . 
Fron (2.2) follows the  conclusion t h a t  the absorpt ion of s h i f t i n g  

dis turbances is minimam i n  meridional direct ions.  It is na tu ra l  t o  relate 
t h i s  conclusion with the a s se r t ion  i n  a series of works LE!, 133 t h a t  t he  
N- S 
time, cases are noted C14,153 of f requent  disturbance propagation io other  
d i rec t ions ,  Taking i n t o  account t h a t  the  indicated minimum of absorpt ion 

is expressed f e e b l g i n  middle l a t i t u d e s ,  i t  is  d i f f i c u l t  t o  speak i n  teras 
of coincidence of theory with experiment. It is qu i t e  possible  t h a t  the  
prevalent  propagation d i r ec t ion  of disturbances i n  a s p e c i f i c  d i r ec t ion  

is r a t h e r  linked with o ther  causes than the absorption (condi t ion of wave 
exc i t a t ion ,  car ry ing  of charged p a r t i c l e s  by neu t r a l  ones and so fo r th ) .  

is the  prevalent propagation d i r ec t ion  of disturbances. k t  the  same 
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